Background/Aims: Oxidative stress plays a critical role in the development of cataracts, and glutaredoxins (Grxs) play a major protective role against oxidative stress in the lens. This study aimed to reveal the global regulatory network of Grx1. Methods: Stable isotope labeling by amino acids in cell culture (SILAC) was used in a proteome-wide quantitative approach to identify the Grx1 regulatory signaling cascades at a subcellular resolution in response to oxidative stress. Results: A total of 1,291 proteins were identified to be differentially expressed, which were further categorized into a variety of signaling cascades including redox regulation, apoptosis, cell cycle control, glucose metabolism, protein synthesis, DNA damage response, protein folding, proteasome and others. Thirteen key signaling node molecules representing each pathway were verified. Notably, the subunits of proteasome complexes, which play a pivotal role in preventing cytotoxicity via the degradation of oxidized proteins, were highly enriched by Grx1. By data-dependent network analysis, we found global functional links among these signaling pathways which elucidate how Grx1 integrates the operation of these regulatory networks in an interconnected way for H 2 O 2 -induced response. Conclusion: Our data provide a system-wide insight into the function of Grx1 and provide a basis for further mechanistic investigation of Grx1 in antioxidant responses in the lens.
changes in protein abundance and/or protein modifications [30, 31] . In the present study, we used SILAC to investigate the functional links between Grx1 and putative target proteins involved in the multiple pathways and biological processes (BPs) responsible for antioxidant functions in the lens. The results will be helpful in the development of more precise and effective strategies for preventing the onset of cataracts.
Materials and Methods

Reagent and Antibodies
Dulbecco's modified Eagle medium (DMEM) and fetal bovine serum (FBS) were obtained from GIBCO (Life Technology, USA). Stable isotope-labeled amino acids, including Lys-8 (L-13C615N2-lysine) and Arg-10 (L-13C615N4-arginine), were purchased from Cambridge Isotope Laboratories (UK). SILAC medium without L-arginine, L-glutamine, and L-lysine was purchased from SILACgen (Shanghai, China), and 30% hydrogen peroxide (H 2 O 2 ) solution was obtained from Sigma-Aldrich (Shanghai, China). SYBR ® Premix Ex Taq™ GC was purchased from TaKaRa (Dalian, China).
Antibodies, including anti-Grx1, anti-SOD1, anti-SOD2, anti-BAD, anti-CAT, anti-VDAC, anti-HSP90B1, anti-CDC25C, anti-caveolin-1, anti-GSTM3, and anti-DDB1, were purchased from Proteintech (Wuhan, China). Antibodies against PKM2 and β-actin were obtained from Cell Signaling Technology (Danvers, MA, USA).
Plasmid Constructs and Quantitative Real-time PCR (qRT-PCR)
DNA fragments encoding Grx1 were introduced into pCMV-3×FLAG-7.1 at EcoRI and SalI sites. 3×FLAG-tagged Grx1 fragments were further cloned and inserted into pCDH-CMV-EF1-puro to generate the pCDH-CMV-FLAG-Grx1-EF1-puro vector. DNA fragments encoding the hairpin precursors for siGrx1 (5'-GCCGCTTGCACGTATAGATAC-3') were inserted into pLKO.1TRC. A scramble (Scr) sequence was used as a negative control.
For the qRT-PCR analysis, total RNA was extracted using TRIzol Reagent (Invitrogen), and reverse transcription was performed using a PrimeScript RT reagent kit (TaKaRa) according to the manufacturer's instructions. For the qRT-PCR analysis, aliquots of cDNA were amplified using SYBR Premix Ex Taq (TaKaRa). PCR reactions were performed in triplicate under the following conditions: 95 °C/30 s, 40 cycles of 95 °C/5 s, 60 °C/15 s, and 72 °C/10 s in a Q1 MXP3000 cycler (Stratagene, USA), with each reaction repeated at least three times. The following primer pairs were used: Grx1: forward, 5'-GGA GCA AGA ACG GTG CCT CGA G-3'; reverse, 5'-AAA GCA GAT TGG AGC TCT GCA G-3'. SOD1: forward, 5'-CGA GCA GAA GGA AAG TAA TGG-3'; reverse, 5'-CAC TGG TAC AGC CTG CTG TAT T-3'. SOD2: forward, 5'-CGA CCT GCC CTA CGA CTA C-3'; reverse, 5'-TGA CCA CCA CCA TTG AAC TTC-3'. VDAC1: forward, 5'-CTC ACC TGA ATG GGA CTT T-3'; reverse, 5'-TCA CAT CCA CCT TCT CCA C-3'. PKM2: forward, 5'-GCC TGC TGT GTC GGA GAA G-3'; reverse, 5'-CAG ATG CCT TGC GGA TGA ATG-3'. Catalase: forward, 5'-CCA TTA TAA GAC TGA CCA GGG C-3'; reverse, 5'-AGT CCA GGA GGG GTA CTT TCC-3'. CDC25C: forward, 5' AAG TGG CCT ATA TCG CTC CC-3'; reverse, 5'-CCC TGG TTA GAA TCT TCC TCC A-3'. DDB1: forward, 5'-TGC GTG ACC GGA CAC TTT ACT-3'; reverse, 5'-GCC TGA AAA GCT CCA TGA CCG C-3'. HSP90B1: forward, 5'-GAG ATC AAA GAC TAC AGT CCC-3'; reverse, 5'-GTT CGT GCT CAT ACT TGG TC-3'. RUVBL1: forward, 5'-ACA AAC TTC GAG GGG AGA TT-3'; reverse, 5'-CGA TGG GAG CGA TAG AAG
SILAC Labeling and SILAComics Identification of the Grx1 Regulatory Network
The methods used for the SILAC labeling and SILAComics identification have been described previously [32] . Briefly, for SILAC labeling, SRA01/04 cells were cultured in DFBS DMEM high-glucose medium (with L-glutamine and without L-arginine and L-lysine), supplemented with "heavy" amino acids (R10K8) and 10% DFBS for nine passages. The incorporation efficiency was further confirmed via MALDI-TOF-MS. Approximately 1×10 7 of each type of "heavy"-labeled SRA01/04 cell infected with the lentivirus and normal SRA01/04 cells were treated with 100 μM H 2 O 2 for 24 h and were then lysed and separated into their nuclear extracts and cytoplasmic fractions. Protein extracts were then quantified with a protein assay kit (BioRad) and equally mixed. Mixed cell lysates were separated via SDS-PAGE, followed by band excision, trypsin digestion, and LC-MS/MS identification and quantification.
Western Bloting and Co-immunoprecipitation Assay
Cells were washed with PBS for three times and lysed by WB&IP lysis buffer (1% Nonidet P-40, 150mM NaCl, 100mM Hepes, 5mM Na4P2O7, 5mM NaF, 2mM Na3VO4)(SILACgen, Shanghai, China) supplemented with protease inhibitor mixture and phosphatase inhibitors(Roche Applied Science) for 30 minutes. The cell lysates were then centrifuged at 16000g for 15 minutes. The supernatants were separated by SDS-PAGE and subjected for western blotting analysis. For immunoprecipitation assay, the supernatants were incubated with FLAG beads or anti-GSH and protein G(sigma, Germany) at 4 ℃ for 3 hours followed by being washed five times with lysis buffer, and were then eluted by boiling in 1× SDS loading buffer for western blotting analysis.
Statistical Analysis
Student's t-tests were used to compare qualitative and quantitative variables. All statistical tests were two-sided, and a P-value of <0.05 was considered to indicate a statistically significant difference.
Results
Grx1 is Specifically Induced by Oxidative Stress
To uncover the function of Grx1 during cataract development caused by exposure to oxidative stress, we first determined whether Grx1 is expressed in the SRA01/04 human lens epithelial cell line. Using qRT-PCR and western blotting analyses, the mRNA transcript and protein levels of Grx1 were found to be only detectable in unperturbed cells, but were robustly induced after 24 h of H 2 O 2 treatment (Fig. 1A) . We also observed increased levels of Grx1 in response to elevated concentrations of H 2 O 2 and prolonged incubation times ( Fig. 1B and 1C) , suggesting that Grx1 is constitutively expressed at very low levels and is specifically induced in a dose-dependent manner in response to oxidative stress. Additionally, oxidative stress appeared to re-activate Grx1 expression at the level of transcription. Unlike thioredoxin1, which is controlled by the inhibitor thioredoxin-interacting protein (TXNIP), which tightly controls the cellular redox state, Grx1 has not yet been reported to have an endogenous repressor.
SILAComics Identification of the Grx1 Regulation Network
Although a few Grx substrates have been identified, the biological effects of Grx1 in response to oxidative stress in particular remain largely unknown. We performed a proteomewide identification of Grx1 target genes and/or proteins at both the transcriptional and translational level using a SILAC-based LC-MS/MS quantitative proteomic approach to identify differentially expressed proteins (DEPs) by comparing the protein profiles present when Grx1 was over-expressed or depleted following H 2 O 2 treatment. Briefly, SRA01/04 cells were cultured in a "heavy" medium containing Lys-8 (L-13C615N2-lysine) and Arg-10 (L-13C615N4-arginine) for at least five passages. Labeled SRA01/04 cells were further separated into their cytosolic and nuclear fractions, followed by an equal mixing of these cell fractions from Grx1-expressing cells or those with shRNA constructs. The resulting fractions were then separated via SDS-PAGE, and gel slices were subjected to tryptic digestion and peptide extraction, followed by a LC-MS/MS analysis performed in two replicates ( Fig and 2B). Based on previous criteria and the quality of MS data with a higher signal-to-noise ratio, a threshold of a 20% change in protein abundance [33, 34] (a light-to-heavy ratio of >1.2 or <0.8) was used to define whether a protein was differentially expressed. A total of 1,291 DEPs were identified with high confidence based on this threshold.
Functional Categorization and Validation of Grx1-enriched Proteins
Of the DEPs quantified in the two LC-MS/MS datasets, a total of 1,291 showed enrichment by Grx1 at high level of confidence. We then performed a gene ontology (GO) functional enrichment analysis using the Protein Analysis THrough Evolutionary Relationships (PANTHER; in the public domain, http://www.pantherdb.org/) and Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf. gov/) online tools. Based on the known pathways, these DEPs were mainly categorized into a variety of signaling cascades, including redox regulation, apoptosis, cell cycle control, glucose metabolism, protein synthesis, DNA damage response, protein folding, proteasome, and others (Fig. 3A) . In assessing subcellular localization, we found that mitochondrial proteins were highly enriched by Grx1 (Fig. 3B) . Mitochondria are the major producers of intracellular ROS, which have been linked to age-related changes and various chronic diseases [35] . Growing evidence [36, 37] shows that mitochondria-targeted proteins could serve as potentially effective antioxidant therapeutic agents for use against the damage caused by enhanced ROS generation. These observations imply that Grx1 might be tightly linked to mitochondrial function in response to oxidative stimuli.
Enriched BP GO terms were grouped into 21 clusters (P < 0.01) (Fig. 3C) ; the top five clusters were metabolic process, respiratory electron transport chain, protein folding, translation, and transport. Eighteen clusters were found in the enriched molecular function (MF), with calcium-dependent phospholipid binding, NADH dehydrogenase, GDP binding, oxidoreductase activity, and syntaxin binding were mostly enriched (P < 0.01) (Fig. 3D) . These findings indicate the functional diversity of Grx1 in response to oxidative stress. To verify the accuracy of the identification and quantification of our proteomic data, we performed western blotting analyses to validate selected target proteins representative of key signaling pathways (Fig. 4) .
Grx1 Controls the Oxidative Stress-mediated Regulation of Proteasome Complexes
ROS-induced oxidative stress has been implicated in aging and many human diseases, notably in neurodegenerative disorders and age-related cataracts [38] . Oxidative stressors can chemically modify proteins, leading to protein oxidation, which can alter their biological function. Numerous studies have demonstrated that proteasome complexes play a pivotal role in preventing cytotoxicity via the selective recognition and degradation of oxidized proteins [39, 40] . Despite the critical role of proteasome complexes in the oxidative stress response, our current understanding of how they are regulated is limited. Herein, we found 23 subunits of proteasome complexes that were significantly enriched by Grx1 (P < 9.1 E-49). This suggests that Grx1 is involved in the regulation of proteasome complexes, which might subsequently attenuate oxidation-induced cytotoxicity through enhanced proteasome-dependent degradation of oxidized proteins. The functional links between Grx1 and proteasome complexes might provide a basis for developing new strategies for the possible treatment of age-related cataracts.
Grx1 Targets the Antioxidant Signaling Pathway for Redox Homeostasis
Redox homeostasis is maintained by the antioxidant defense system, which is responsible for eliminating a wide range of oxidants, including ROS. Increasing evidence [41, 42] indicates that the antioxidant defense system is incorporated into signaling pathways that determine the response of cells to disruptions in their physiological processes.
Superoxide dismutase (SOD) and catalase are the major scavenging enzymes that facilitate the conversion of superoxides into hydrogen peroxide. Changes in either the expression or the localization of these enzymes are likely to modulate redox homeostasis and to regulate various signaling pathways [43, 44] . Notably, catalase1, SOD1, and SOD2 were found to be significantly downregulated in Grx1-depleted cells and were elevated in Grx1-overexpression cells, suggesting that Grx1 directs the antioxidant response by upregulating key antioxidant defense enzymes. In addition, several members of the glutathione S-transferase (GST) group, a major group of detoxification enzymes (e.g., GSTM3), were found to be upregulated by Grx1 expression, indicating that Grx1 amplifies oxidative responses via a feedback cascade involving key antioxidant enzymes.
Grx1 Directs Metabolic Remodeling in Response to Oxidative Stress
Intracellular levels of ROS are vital for controlling many aspects of cell proliferation and survival. It has been proposed that the acute elevation of intracellular ROS levels results in the inhibition of glycolysis and the activation of the pentose phosphate pathway (PPP) as a firstline response to oxidative stress and that this is regulated by pyruvate kinase isozyme type M2 (PKM2) [45] . In the present study, we found that PKM2 is decreased by Grx1, which might Fig. 3 . Functional categorization and distribution of Grx1-enriched proteins suggests Grx1 targets and integrates key signaling pathways for a systematic response to oxidative stress. (A) Signaling pathway categorization of Grx1-enriched proteins using DA-VID reveals Grx1 crosstalk with redox regulation, apoptosis, cell cycle control, glucose metabolism, protein synthesis, DNA damage response, protein folding, and proteasome regulation. The lists of differentially expressed proteins were submitted to the online DAVID database and proteins were classified using a signaling pathway analysis. The most enriched signaling cascades are shown. (B) The subcellular localization of Grx1-enriched proteins suggests that Grx1 is ubiquitously involved in the compartment-specific regulation of its substrates. The lists of differentially expressed proteins were submitted to the online DAVID database and proteins were classified using a localization analysis. Percentages of the indicated subcellular localization are shown. (C) Biological process assignments of Grx1-regulated proteins using DAVID indicate that Grx1-regulated proteins are grouped into 21 clusters: the top five clusters were metabolic process, respiratory electron transport chain, protein folding, translation, and transport. (D) Molecular function assignments using DAVID show that Grx1-enriched proteins are mostly clustered into functions related to calcium-dependent phospholipid binding, NADH dehydrogenase, GDP binding, oxidoreductase activity, and syntaxin binding. Eighteen clusters were found and are shown here. P < 0.01 indicates a significant difference.
Grx1-mediated Modification via Deglutathionylation Might Control Specific Signaling and Affect Protein Stability
To verify whether Grx1 regulates these proteins at the transcriptional or protein level, qRT-PCR analyses were performed to evaluate the mRNA levels when Grx1 expression was forced. We found clear evidence that the mRNA levels of SOD1, SOD2, CAT, RUVBL1, DDB1, and caveolin-1 were significantly increased, whereas the expression of PKM2, CDC25C, HSP90B1 RNA extraction and qRT-PCR analyses were performed to evaluate the mRNA transcripts. (B) Grx1 interacts with SOD1, SOD2, PKM2, CDC25C, HSP90B1 and VDAC1. SRA01/04 cells infected with the Flag-Grx1 lentivirus were lysed for immunoprecipitation using anti-flag beads, and the immunoprecipitates were detected using the indicated antibody. (C) Results indicate that SOD1, SOD2, PKM2, CDC25C, HSP90B1 and VDAC1 are apoptosis, cell cycle control, glucose metabolism, DNA damage response, protein folding, and transcription activity were selected for verification. glutathionylated in vitro. SRA01/04 cells treated with 100 μM H 2 O 2 for 12 h were lysed for immunoprecipitation using anti GSH and protein G beads. The immunoprecipitates were detected using the indicated antibody. *P < 0.05, **P<0.01, ***P< 0.001. Student's-t tests were used for the statistical analysis.
been reported that Grx interact with and inhibit caspase-3 cleavage in a redox-dependent manner [51] , suggesting that Grx is a central regulator of oxidative stress-induced apoptosis. However, catalase 1 also regulates the apoptotic pathway by interacting with caspase-3, indicating that Grx1 could integrate apoptosis with redox regulation, resulting in an enhanced antioxidant response. Notably, several proteins involved in glycolysis were identified and found to be downregulated, including PKM2, which is also repressed by caveolin-1, resulting in decreased glycolytic activity [52, 53] . Caveolin-1 was significantly upregulated by Grx1 upon H 2 O 2 treatment, further supporting the idea that Grx1 coordinates specific signaling pathways in the response to oxidative stress.
Discussion
Age-related cataracts are the most frequent cause of treatable blindness in the world [3] , and oxidative insult appears to be the most important risk factor for their formation [6] . Environmental insults, such as oxidative stress and ultraviolet radiation, are mitigated by epithelial cells through multiple cellular defense mechanisms that begin with altered gene expression. Grx1 is one of the oxidation defense systems of the lens. It has been proven that Grx1 is involved in signal transduction through the targeting of numerous crucial components of many signaling pathways [27] [28] [29] . However, the functions of Grx1 and its regulatory mechanisms are poorly understood.
In this study, we used a SILAC-based quantitative proteomic approach to perform a genome-wide identification of Grx1 target proteins and/or genes. A total of 1,291 proteins were identified as being significantly enriched (P < 0.05). In assessing subcellular localization, mitochondrial proteins were found to be highly enriched, suggesting that mitochondrial function is tightly linked to a Grx1-mediated antioxidant response. Based on our bioinformatics analysis, the DEPs were functionally categorized into several signaling pathways, including redox regulation, apoptosis, cell cycle control, glucose metabolism, protein synthesis, DNA damage response, protein folding, and proteasome (P < 0.001).
Notably, signaling pathways involved in glucose metabolism and proteasome were identified as being regulated by Grx1 for the first time in this study. We further found that Grx1 could alter glucose metabolism by reducing the expression of PKM2. PKM2 is one of the pyruvate kinase isoforms, which is responsible for catalyzing phosphoenolpyruvic acid and ADP to pyruvate and ATP [54] . It is a key enzyme in allowing the diversion of glucose-6-phosphate into the PPP. Apart from its role in regulating glycolytic metabolism, PKM2 has been shown to play a role in the epigenetic control of gene transcription [55] and in promoting cell cycle progression [56] . PKM2 also been reported to be involved in multiple myeloma cell proliferation, adhesion and chemoresistance [57] . It can interact with DNA damage-binding protein 2 and reduces cell survival upon UV irradiation [58, 53] . The overexpression of PKM2 has been detected in a various types of cancer, where it has been proven to contribute to the Warburg effect, a hallmark of cancer [59] . The direct oxidation of PKM2 at Cys358 inhibits its catalytic activity [45, 60] , which allows for the synthesis of NADPH and reduced glutathione for ROS detoxification. However, the way in which Grx1 modulates PKM2 expression remains to be investigated. We provided further evidence supporting the idea that Grx1 either transactivates gene expression or selectively interacts with proteins such as SOD1, SOD2, VDAC1, PKM2, HSP90B1 and CDC25C. Additionally, these proteins could indeed be glutathionylated, as demonstrated by the immunoprecipitation and western blot analyses. Overall, these data imply that Grx1 interacts with and regulates the levels of SOD1, SOD2, VDAC1, PKM2, HSP90B1 and CDC25C via deglutathionylation modification. VDAC plays regulatory roles in controlling changes in mitochondrial permeability and is susceptible to oxidative stress. It has also been found in the murine neuron cell line Neuro2a that the loss of Grx1 increases the oxidation of VDAC and mitochondrial dysfunction, suggesting that the deglutathionylation of VDAC by Grx1 may protect mitochondrial function [61] . Two conserved cysteine residues of VDAC1, Cys 127 and Cys 232, are suggested to be the putative oxidation sites. Additionally, CDC25C was found to be reduced by H2O2 stimulation. Mutations of the active-site cysteines at positions 377 and 330 have been shown to confer resistance to oxidative stress-induced degradation [48] . Although the specific cysteine(s) of VDAC1 or CDC25C that are glutathionylated by Grx1 are not yet known, the present study provides a basis and potential explanation for the deglutathionylation-dependent regulation of protein stability. Future work should focus on the underlying mechanism by which these proteins are modulated.
In addition, numerous subunits of the proteasome complex were identified to be putative targets of Grx1, suggesting that the proteasome complex might play a vital role in the Grx1-mediated antioxidant response. The ubiquitin-proteasome system (UPS), which is responsible for the degradation of 90% of all proteins in eukaryotic cells, plays an important role in protein metabolism and protein quality control [62] . Proteasome function shapes innate and adaptive immune responses [63] , and the introduction of exogenous proteasomes significantly promotes cell survival and protection against the proteotoxic stress caused by ROS [64] . Indeed, an increasing numbers of studies have established the pivotal role of the proteasome complex-dependent degradation of oxidized proteins during oxidative attacks [65] . The 20S proteasome subunit is the central core of the proteasome; it binds one or two regulatory 19S complexes to form the 26S proteasome [66] . The 20S and 26S proteasomes respond differently to oxidants: the 26S proteasome is much more sensitive to oxidative stress than its 20S core [67, 68] . In our dataset, most of the proteasome subunits identified were 26S subunits, implying that Grx1 might specifically prevent the degradation of 26S subunits induced by oxidative stress. Future studies should verify how the 26S subunits are modulated and identify the biological effects of the Grx1-mediated upregulation of 26S subunits and their substrates.
In this study, we performed a data-dependent quantitative proteomic analysis to identify signaling and regulatory networks that systematically operate in the Grx1-mediated antioxidant response. Some key subnetwork modules were found to be interconnected, coordinating specific signaling in the systematic response to H 2 O 2 .
Conclusion
Taken together, our data provide a proteome-wide identification of putative targets of Grx1 and elucidate its regulatory networks. This study will provide a basis for further mechanistic investigations. 
